c-type cytochromes are distinct from other classes of cytochrome in that they are covalently bound to their hemes by ac-thioether bonds (7) . These bonds arise from the Markovnikov addition of sulfhydryl groups to the vinyl groups of the heme. The sulfhydryl groups are derived from the two cysteinyl residues present in the heme binding sequence C-X-X-C-H. The histidinyl residue in this sequence occupies the fifth coordination position of the heme Fe atom, while the sixth coordination position is occupied by either a histidinyl or a methionyl residue. The nature of the ligand occupying this position has a direct effect on the redox potential of the heme (21) .
Desulfovibrio vulgaris contains at least four different c-type cytochromes: cytochrome C553 (23, 32) , cytochrome C3 (14, 35) , cytochrome CC3 (18) , and high-molecular-weight cytochrome c (Hmc) (13, 38) . Cytochrome C553 is the only Desulfovibrio cytochrome reported to be a monoheme and to have a His-Met-coordinated heme Fe atom; the other three cytochromes have more than one heme, all of which are thought to have His-His coordination. Complete amino acid sequence data and three-dimensional structure information are required to ascertain the exact number and organization of the c-type hemes in each of these cytochromes. A determination of the cellular localization of these cytochromes is also important, since Desulfovibrio spp. contain both a periplasmic and a cytoplasmic chain of redox carriers (16, 27) . This information can be obtained by sequencing the structural genes for these cytochromes. tochromes C553 (32) and C3 (35) structural genes have been sequenced. For the two remaining cytochromes, partial amino acid sequence data are available for cytochrome CC3 (18) , and the isolation and amino acid composition for Hmc have been reported (13) . This work has now been extended to D. vulgaris Hildenborough cytochrome CC3, the gene for which has been cloned and sequenced. Perhaps surprisingly, it appears that cytochrome CC3 and Hmc are the same protein, and therefore this work completes the characterization of genes for known periplasmic c-type cytochromes in D. vulgaris.
MATERIALS AND METHODS
Strains, vectors, and media. The bacterial strains and plasmids used are described in Table 1 . Desulfovibrio strains were cultured for 18 h at 37°C in stoppered bottles containing 100 ml of Postgate C medium (27) made anaerobic by flushing with N2. The inoculum consisted of 3 ml of a Postgate B (27) culture that had been grown under the same conditions. Growth of Escherichia coli TG2 in TY medium was carried out as previously described (26) . E. coli DH5ao and Desulfovibrio desulfuricans G200, used for conjugational transfer of broad-host-range plasmids, were cultured as described elsewhere (35a) .
Biochemical reagents. All enzymes were obtained from either Pharmacia, Inc., or Boehringer Mannheim Biochemicals. The radiochemicals [a-35S]dATP (400 Ci mmol-1; 10 mCi ml-1), [k-32P]dATP (3, 000 Ci mmol-P; 10 mCi ml-'), and [y-32P]dATP (3,000 Ci mmol-'; 10 mCi ml-') were purchased from Amersham Corp. and were used for dideoxynucleotide sequencing, nick translation, and 5' end labeling, respectively. Ficoll 400 was purchased from Pharmacia. Polyvinylpyrrolidone (molecular weight, 40,000), bovine serum albumin (fraction V), molecular biology-grade sodium dodecyl sulfate (SDS), and salmon sperm DNA (sodium salt) were purchased from Sigma Chemical Co. Low-and highgelling-temperature (LGT and HGT) agarose were obtained from Bethesda Research Laboratories, Inc. Nitrocellulose and Hybond-N hybridization transfer membranes were acquired from Schleicher & Schuell, Inc., and Amersham, respectively. Acrylamide and N,N'-methylenebisacrylamide were purchased from BDH Ltd. Low-molecular-weight protein electrophoresis markers were obtained from Pharmacia. Dialysis tubing (molecular size cutoff, 6 to 8 kDa) was obtained from Spectrum Medical Industries, Inc. All other reagent-grade chemicals were obtained from either Sigma or Fisher Scientific Co.
Purification and peptide sequencing of cytochrome CC3. Cytochrome CC3 was purified from French-pressed D. vulgaris Hildenborough cells essentially as described by Loutfi et al. (18) , who referred to this protein as cytochrome C3 (Mr, 26,000). In addition, a new purification procedure was used (not shown) in which this cytochrome was isolated from the periplasmic fraction of D. vulgaris Hildenborough prepared as described elsewhere (31) . The yields of both procedures were approximately 1 mg/100 g of wet cells. These isolated proteins were pure as judged by SDS-polyacrylamide gel electrophoresis (PAGE) (not shown), which indicated molecular sizes of 62 and 56 kDa for the holoprotein and apoprotein, respectively. The 553 of the reduced holoprotein was found to be 424 mM-' cm-', a value similar to that of Higuchi et al. (13) , who showed the presence of 16.3 hemes per polypeptide.
The carboxymethylated apoprotein was prepared as previously described (18) and treated variously with CNBr, Asp-N endopeptidase, Arg-C endopeptidase, or Glu-C endopeptidase. Automated amino acid sequencing (18) of isolated peptides yielded 47 peptides which could be organized into 12 polypeptides as indicated in the legend to Fig. 2 (36) , and blotted onto a nitrocellulose membrane. Following prehybridization for 15 min at 68°C in 0.2% SDS-10x Denhardt solution (19) and 6x SSC (19) , the blot was incubated with the 5'-end-labeled probe P43 for 16 h at 68°C in 6x SSC. The sequence of the deoxyoligonucleotide probe P43, a 47-mer, was 5'-AAGATCGA(AG)AAGCC(CG)GC(CG)AACAC(CG) GC(CG)TGCGT(CG)GACTGCCACAAGGA. This probe was designed to recognize the COOH-terminal region of the structural gene encoding the sequence K-I-E-K-P-A-N-T-A-C-V-D-C-H-K-E. The bias toward G or C in the third position of each codon was chosen on the basis of the known codon usage in the nucleotide sequences of the hydA,B (34) and cyc (35) genes from D. vulgaris Hildenborough. After incubation, the blot was washed thrice with 2x SSC, dried, and autoradiographed. Autoradiography (not shown) revealed a 3.7-kb XhoI fragment of chromosomal DNA to be the one most suitable for cloning. This was accomplished by size fractionating chromosomal DNA digested with XhoI on 1% (wt/vol) LGT agarose and ligating the 3-to 4.5-kb fraction into the vector pUC8, which had been digested with calf alkaline phosphatase and the restriction endonuclease Sall. E. coli TG2 cells, made competent by CaCl2 treatment, were transformed with the ligation mixture and spread onto TY plates containing isopropylindolyl-,-D-thiogalactopyranoside (IPTG), 5-bromo-4-chloro-3-indolyl-,3-D-galactopyranoside (X-Gal), and ampicillin. Southern blots of plasmids isolated from white recombinant colonies and digested with both EcoRI and HindlIl were probed with P43 as described above. A restriction map of the 3.7-kb insert of the only positive plasmid obtained (pP6A) is shown in Fig. 1 Shotgun nucleotide sequencing. The procedure followed for shotgun nucleotide sequencing was essentially that outlined by Bankier and Barrell (1) . Plasmid pP6A (1 pRg RI-') was sonicated, and the resulting fragments were end repaired and size fractionated as described above. The 0.3-to 0.6-kb fraction was isolated from the gel and ligated into the replicative form of M13mp8 digested with SmaI and calf alkaline phosphatase. Competent E. coli TG2 cells were transfected with the ligation mixture and spread onto TY plates with top agar containing IPTG and X-Gal. Singlestranded DNA was isolated from white recombinant phage plaques by using a 1.5-ml minipreparation procedure (1).
Purified phage DNAs (2 Rd) were dot blotted on a Hybond-N hybridization transfer membrane and fixed by exposure to UV light. Following digestion with EcoRI and PstI, the 3.7-kb insert of plasmid pP6A was isolated by 1% (wt/vol)
LGT agarose gel electrophoresis, radiolabeled by nick translation (19) , and denatured by boiling. The filter was prehybridized in 6x SSC-lOx Denhardt solution-0.5% (wt/vol) SDS for 1 h at 68°C. The 3.7-kb DNA probe was then added to the prehybridization solution, and hybridization was continued for 16 h at 68°C. After hybridization, the filter was washed twice in 2x SSC for 1 min at room temperature, followed by a 1-h wash at 68°C in 6x SSC-0.5% (wt/vol) SDS. The dried filter was autoradiographed, and positive clones were sequenced by the method of Sanger et al. (28) as detailed by Bankier and Barrell (1). The sequencing data were processed and analyzed by using the programs of Staden and McLachlan (29, 30) .
Broad-host-range plasmid construction and bacterial conjugation. Plasmid pP6A was digested with SmaI and size fractionated as described above. The 2.2-kb fragment was isolated from the gel and ligated to the vector pJRD215, which had been digested with Stul and calf alkaline phosphatase. E. coli TG2 was transformed with the ligation mixture and spread onto TY-kanamycin plates. Recombinant plasmids were purified and analyzed by restriction digestion with BamHI, resulting in excision of the hmc gene as a 2.6-kb BamHI fragment (not shown). The recombinant plasmid and the vector alone were each transformed into E.
coli DH5a and subsequently transferred to D. desulfuricans G200 as described elsewhere (35a) .
Total (chromosomal and plasmid) DNA of the recombinant exconjugant was prepared as described by Marmur (20) , digested with BamHI, and subjected to Southern analysis (not shown). The 2.2-kb SmaI fragment derived from plasmid pP6A was radiolabeled by nick translation and used as the probe to verify the presence of plasmid pBPHMC-1 within the recombinant exconjugant D. desulfuricans G200 (pBPHMC-1).
SDS-PAGE and fluorophotography. Desulfovibrio periplasmic proteins were isolated essentially as described by van der Westen et al. (31) . Cultures of D. desulfuricans G200(pJRD215), D. desulfuricans G200(pBPHMC-1), and D. vulgaris Hildenborough grown in 100 ml of Postgate C medium were harvested by centrifugation at 10,000 x g for 10 min at 4°C. Each pellet was resuspended in 2 ml of H20 and transferred to three separate 15-ml glass centrifuge tubes, to each of which was added 2 ml of 0.1 M Tris hydrochloride-0.1 M EDTA (pH 9.0). These suspensions were heated to 30°C in a 60°C water bath and then shaken for 15 min at room temperature, after which they were centrifuged for 10 min at 10,000 x g. The supernatant, which contained the periplasmic proteins, was dialyzed for 20 h against two 1,000-ml volumes of cold deionized H20.
For SDS-PAGE, 1-ml aliquots of each dialysate were placed into microfuge tubes and dried by vacuum centrifugation, resuspended in 100 IL of H20, 100 p,l of SDS incubation buffer (26) , and 20 ,ul of 2-mercaptoethanol, and placed in a boiling water bath for 10 min. SDS-PAGE and fluorophotography were carried out as previously described (26) GCGTCCAAGGCCATCAAGCCCGTGGGCGACCCGCAGAAGAACTGCGGCGCTTGCCACCACGTCTATGACGAAGCTTCCAAGAAGCTCGTATGGGGTAAGAACAAGGAAGACTCGTGCCGC   970  980  990  1000  1010  1020  1030  1040  1050  1060 1070 1080 GCCTGTCACGGCGAGAAGCCCGTGGACAAGCGTCCCGCGCTCGACACCGCCGCCCACACCGCGTGCATCAGCTGCCACATGGACGTCGCCAAGACCAAGGCCGAGACCGGCCCGGTCAAC   1090  1100  1110  1120  1130  1140  1150  1160  1170  1180 1190 1200 TGCGCCGGCTGCCACGCCCCCGAGGCGCAGGCCAAGTTCAAGGTGGTACGCGAAGTGCCCCGCCTCGACCGCGGTCAGCCCGACGCCGCCCTCATCCTGCCCGTACCCGGCAAGGATGCC   1210  1220  1230  1240  1250  1260  1270  1280  1290  1300  1310 GGTTGCCACGGCTTCATCAAGCCCACGAAGAGCGATGCCCAGTGCGGCGTGTGCCACGTGGCCGCCCCCGGCTTCGACGCCAAGCAGGTCGAAGCGGGCGCATTGCTGAACCTCAAGGCA   1570  1580  1590  1600  1610  1620  1630  1640  1650  1660 1670 1680 GAGCAGCGTTCGCAGGTTGCCGCCTCCATGCTGTCGGCCCGTCCGCAGCCCAAGGGCACCTTCGACCTCAATGACATCCCCGAAAAGGTCGTCATCGGCTCCATCGCCAAGGAATACCAG   1690  1700   1710  1720  1730  1740  1750  1760  1770  1780 1790 1800 100 A.A.
FIG. 3.
Linear arrangement of the heme binding sites (boxes; in cytochrome c3, this denotes both C-X-X-C-H and C-X-X-X-X-C-H) and sixth-position His residues (short bars) as they occur in the cytochrome c3 and Hmc polypeptides from D. vulgaris Hildenborough. The heme binding sites are numbered as they occur proceeding from NH2 to COOH termini. The numbers of the His residues correspond to the heme binding site with which they are supposedly associated; for the Hmc polypeptide, these numbers are suggested by comparing each of domains I to IV with the cytochrome C3 motif. Region I is lacking in both one heme binding site, which would normally be heme binding site 2 in the cytochrome c3 pattern, and its corresponding His residue. Heme binding site 12 does not fit into the cytochrome C3 motif.
one of the heme Fe atoms in Hmc is coordinated to a Met residue, this would not be the first report of a c-type cytochrome containing both His-His-and His-Met-coordinated hemes; the tetraheme cytochrome c of the Rhodopseudomonas viridis photosynthetic reaction center has one His-His-and three His-Met-coordinated heme Fe atoms (6) .
The hmc gene does not encode any transmembrane sequences other than the NH2-terminal signal sequence, and its product is therefore expected to reside in the periplasmic space.
Nucleotide sequences up-and downstream from hmc. An E. coli &70 consensus promoter is present at nt 209 (Fig. 2) . A similar promoter sequence was found in the upstream region of the D. vulgaris Hildenborough cyc gene encoding cytochrome C3 (35) . The -35 sequences of the two promoters are identical (TTGACA), as are four of the six nucleotides of the -10 sequences (TACCAT for cyc). The ribosome binding site at nt 460 contains the core AGGA sequence which is typical of all D. vulgaris Hildenborough genes sequenced to date except the rbo gene (2, 4, 32, 34, 35, 36) .
No hairpin loop transcription termination sequences have been detected downstream of the hmc gene, and sequencing of the downstream region, although incomplete, indicates that the hmc gene may be the first cistron of a redox operon, which is composed of at least three open reading frames (not shown). The metabolic role of Hmc has not been firmly established, and the sequencing of this operon may help to uncover the redox partners of Hmc.
Probing of Desulfovibrio genomes with D. vulgaris Hildenborough hmc. Samples of total DNA from several Desulfovibrio species were digested with EcoRI, subjected to Southern blotting, and probed with the 2.2-kb SmaI fragment of plasmid pP6A (not shown). The region spanning nt 1 to 2109 of the sequence illustrated in Fig. 2 Expression of Hmc in D. desulfuricans G200. Electrophoresis in the presence of a reductive chelator such as 2-mercaptoethanol or dithiothreitol leads to the removal of iron from heme to yield the protoheme, which upon excitation with UV light fluoresces in the visible range (10, 15) . Therefore, following electrophoresis under denaturing conditions in the presence of 2-mercaptoethanol, c-type cytochromes, which are covalently bound to their hemes, can be visualized under UV light, whereas other heme-containing proteins cannot since their hemes are not retained upon denaturation.
The periplasmic protein fractions of D. vulgaris Hildenborough (Fig. 4, lanes 3 ) and the two exconjugants D. desulfuricans G200(pJRD215) (lanes 1) and D. desulfuricans G200(pBPHMC-1) (lanes 2) were subjected to SDS-PAGE. Directly upon completion of electrophoresis, the gel was analyzed for postelectrophoretic protoheme fluorescence (Fig. 4A) 1 and 2) .
The apparent absence of a fluorescent band corresponding to 66 kDa (mature Hmc has a molecular size of 65.5 kDa; see above) in lane 3 is due to the low concentration of Hmc in D. vulgaris Hildenborough. The clear presence of this band in lane 2 illustrates that the exconjugant was able to express the hmc gene product at higher levels than did the parent organism. Figure 4B , which shows the gel illustrated in absence of a fluorescent band at 66 kDa in lanes 1 and 3 of Fig. 4A was not due to differences in the amounts of protein loaded. A similar result was obtained for the cyc gene encoding cytochrome C3, which was expressed at a fivefoldhigher level in the D. desulfuricans G200 exconjugant than in D. vulgaris Hildenborough (35a) .
The presence of plasmid pBPHMC-1 in the recombinant exconjugant D. desulfuricans G200(pBPHMC-1) was verified by probing total DNA with the 2.2-kb SmaI fragment of pP6A (not shown).
Periplasmic localization of Hmc. According to a predictive method, which involves a comparison of the mature NH2-terminal amino acid residues of both known periplasmic and cytoplasmic proteins from Desulfovibrio spp. (16) , Hmc would be classified as a cytoplasmic protein. The genetic and biochemical work presented here indicates that this assignment is incorrect.
The hmc gene encodes an additional 31-amino-acid signal sequence (Fig. 2) . Comparison of this sequence with the signal peptides of the periplasmic D. vulgaris Hildenborough cytochromes C3 and C553 (Fig. 5) shows that it is also a signal peptide with the same characteristic positive and hydrophobic regions as in the other two sequences. However, the Hmc signal sequence has a greater overall length, has three NH2-terminal Arg residues that are spaced out rather than adjacent, and has a signal peptide cleavage site that is not of the form A a A as is seen in the signal sequences of the other two procytochromes. Hmc can be purified from the periplasm of D. vulgaris Hildenborough in quantities similar to those obtained by using whole cells (see Materials and Methods). This protein was also found to be localized in the periplasm when it was overexpressed in D. desulfuricans G200 cells containing plasmid pBPHMC-1 (Fig. 4) . The periplasmic localization of Hmc is in accord with an empirical rule which states that maturation of c-type cytochromes requires a membrane translocation step. This rule applies to both procaryotic and eucaryotic cytochromes, e.g., the mitochondrial, monoheme cytochromes c and cl (24, 25) , for which it is known that the heme is covalently inserted by the enzyme heme lyase (8) following or during translocation of the apocytochrome.
DISCUSSION
The Hmc class of proteins. Cytochrome cc3, which has also been referred to as cytochrome C3 (Mr, 26,000) (18) and octaheme cytochrome C3 (17, 22) , from D. vulgaris Hildenborough was reported to be an octaheme dimer composed of two identical tetraheme subunits, each with a molecular size of 20 kDa (Table 2) . Partial amino acid sequence data obtained from this same cytochrome was used for the formulation of deoxyoligonucleotide probe P43 (see Materials and Methods), which was used to isolate the recombinant plasmid pP6A. Surprisingly, nucleotide sequencing (Fig. 2 (18) are similar to those of the high-molecular-weight cytochrome c from the same strain (13) . These data are summarized in (14) . In D. vulgaris cytochrome C3, the elements of this pattern (Fig. 3) span approximately 100 amino acids and are, proceeding from NH2 to COOH termini: (i) a H-X-X-H sequence in which the first His residue coordinates to heme 1 and the second His residue coordinates to heme 3, (ii) a C-X-X-C-H heme binding sequence for heme 1, (iii) a single His residue that coordinates to heme 2, (iv) a C-X-X-X-X-C-H heme binding sequence for heme 2, (v) a single His residue that coordinates to heme 4, (vi) a C-X-X-C-H heme binding sequence for heme 3, and (vii) a C-X-X-X-X-C-H heme binding sequence for heme 4. The 15 non-heme binding site His residues of Hmc and the 16 heme binding sites are arranged relative to one another in a pattern that resembles a quadruplication of the same components as they are arrayed in cytochrome C3 (Fig. 3) . There are some irregularities of possible consequence in this motif. The first domain (I; hemes and His 1 to 3 as in Fig. 3 ) is composed of only six of the eight elements present in the cytochrome C3 pattern. According to this pattern, the second heme binding site and its corresponding sixth-position His residue are absent. The other irregularity is related to the first in that there is an extra heme (number 12; Fig. 3 Fig. 3 indicates a threefold symmetry for Hmc, since the 15 bis-histidinyl-coordinated hemes are arranged into three complete cytochrome c3-like domains (II to IV; Fig. 3) , each of which comprises four hemes, and an incomplete domain (I; Fig. 3 ) with only three hemes. The single Met-Hiscoordinated heme may function as the electron exit point, interacting with a higher-potential redox protein. This exit heme could obtain its electrons from the three hemes in domain I (Fig. 3) , which could each, in turn, receive electrons from one of the three remaining, tetraheme domains (II, III, and IV; Fig. 3 ). Domains II, III, and IV could each interact with a redox protein in addition to their interaction with heme 12 via domain I.
NH2-terminal sequence data for the L and S peptides from D. vulgaris Miyazaki Hmc have been obtained (see above). The partial amino acid sequence of the S peptide (19.1 kDa) depicted in Fig. SC is homologous to a stretch of amino acids located between the third and fourth cytochrome c3-like domains of the Hmc from the Hildenborough strain. This Miyazaki peptide, cleaved from the holoprotein, has been reported to be free of heme, and all of the heme was to be found on the NH2-terminal L peptide (33.1 kDa). The discrepancy in heme content between the two Hmcs (11 and 16 hemes per 67 kDa for the Miyazaki and Hildenborough holoproteins, respectively) can be accounted for by a complete absence of heme binding sites from domain IV (Fig. 3) , and this suggests that the Hmc class of cytochromes may display a high degree of variability in domain IV.
